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| NTRODUCTI ON

The objective of this paper is to present the state-of-the-art of
precision actuators for space application in the United States.
This report is based upon information available to the author and
not on a conprehensive search of all the developnents in the US.
Precision actuators are those with submicron resolution and often
limted to less than about .2%strain of the actuator material.
Most of the actuators are those associate with Adaptive Structures.
One definition of Adaptive Structures are systens whose geonetric
and physical structural characteristics can be beneficially
‘nmodified to neet mission requirenments either through renote
“commands or automatically in response to internal or external
stinulations. Actuators, sensors and control systens are directly
integrated into the structure.

One diagram showi ng the interactions proposed by Wada et al. (1990)
is shown as Figure 1. Wada and Garba (1992) presents the need for
Adaptive Structures and precision actuators for space structures.
Additional information on Adaptive Structures and the various
actuators are available in the proceedings of conferences on
Adaptive Structures edited by Wada, Mtsuzaki and others (1991.
1992 and 1993).

Actuators are essential and often limt the ability to inplenent
many concepts and the performance of Adaptive Structures. Since
the actuator strain nust be transmtted into the structure,
actuator is required to have a nodulus of elasticity conparable to
structural nmaterials. The actuators in this report are those
currently available for application such as piezoelectric (pzT),
el ectrostrictive (PMN) and magnetostrictive material s.

The paper briefly describes the actuator, its integration with the
structure and the role of the actuator in neeting the structural
performance requirenents. Where applicable, the report includes
the performance and environnmental requirenents on the actuator and
the desirable characteristics as information for actuator/materi al
researchers. Information on commercial actuators is not presented.

ACTUATORS

I n-Line Actuators, Small Stroke
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‘ As discussed by Wada (1992), many of the |arge or deﬁloyable SR%CG
structures ar€ truss type structures beCause they” are re
efficient and nore readily deployed or constructed in space.
Future space prograns Wl require large precision 'space
structures, an exanple of an interferonmeter is depicted in Figure
2. One requirenment is that structures ranging from10 to 50 neters
in dinmension nust maintain their dinensions to submcron |evels
during its operational life of up to 30 years. Passive systens can
not neet the requirenents because the¥ can not be assenbl ed and
validated to those accuracies on the ground, grow due to
tenperature changes, dinensions change when exposed to the space
environnent, and other factors. The requirenment to actively adjust
structures in space (Adaptive Structures) resulted in the
devel opnent of in-line small stroke actuators. Figure 3 is a
Control Structures Interaction (csI) type active nenber design
(Anderson et al., 1990) wth a hole in the actuator for a quartz
rod to nmeasure the displacenment change between the two ends of the
menber . The active nenber nust support the structural | oads
through the actuator. Tensile strains in the actuator is avoided
by mechanically pre-stressing the actuator ‘in conpression. Newer

_designs currently exists.

“The initial designs used high voltage actuators with thick PZT
wafers to allow machining of a hole through the center of the PZT
W thout it cracking. This required special anmplifiers exceeding
1000 volts that are not conpatible with the standard spacecraft 28
volt power supply. Bot h ceram c PZT and el ectrostrictive (PMN)
actuators were used in the active menber design. The nechanica
design of the active nenber was changed from the actuator devel oped
by Kaman (1988) to elimnate nmechanical non-linearities. Flexures
repl aced the nechanical connections in the active nenber. The
di nensions of the PZT wafer are 15mm OD, 7.1mm ID and is 66nmm | ong.
The di mensions of the PWN are 7.5mMm OD, 4.9nm ID and is 66nm | ong
The PZT actuator isS preloaded t0 140# t0 allow for * notion w thout
applying a negative voltage and the PMN actuator is preloaded to

60# to operate at a biased voltage. For PZT the upper operating
voltage I1s 1000v or (100ov/mm) and the PMN upper operating voltage
is 300V or (1700v/mm). The specific details of the "actuator
material or its "as built” geonetry are not available fromthe
manuf act urers. Some of the other characteristics of the two
actuators are in Figure 4. Larger static |oad capacity of the

active nmenber is desired for launch or ground test conditions.
However with |arger |oads, the dianeter nust be increased to keep
the stress below the depoling stress which increases the

capaci tance and thus the power requirenents.

Umland and Chen (1992% presents a | ow vol tage active menber (Figure
5% wi t hout a hol e. he deflection neasurenent systemis added to
the end of the actuator. The dinensions are simlar to the c¢s1
actuator and active nenber. In addition, a portion of the PZT
stack is used to directly neasure the force in the PZT stack. Al
active menbers incorporates a load cell is series wth the active
menber . The actuator design without the hole allowed the use of
t hi nner wafers (problens were anticipated with drilling holes in
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thin wafers) and thus |ower voltages. The thickness of the wafers
is estimated to be o.1mm and the nmaximum operational voltage is
limted to 100v.  This actuator was integrated into a truss
structure for danping and static displacenent tests. Sever al
interesting characteristics of the actuator were noticed. Figure
6 is the variation in gain versus displacenent and frequency and
Figure 7 is the variation in gain versus tine (cyclic |oading) or
agi ng. Recently, several |ow voltage actuators were fabricated
wth a hole in the center for incorporation into a CSI type active
nmenber with perfornmance conparable to the PSR active nenber.

In-line actuators provide the capability to electronically change
the stiffness of the actuator. In many of the active danping
applications, the active nember was electronically soften to reduce
its stiffness by a factor of 1000. Active nenbers have been
stiffen by a factor of about 2.

The majority of the experinents using the active nenbers in a
variety of truss type structures ranging from®6 foot to 36 feet in
dinmension for active danping were very successful. . These
experiments require a small percentage of the 0.1% stroke avail able
from the above actuators. The stapically adj usted position of the
structure was nmai ntained by continually applying power to the
actuators.

Several organizations incorporated magnetostrictive actuators into
the PSR type active nenber because a hole through the actuator is
not required. A nagnetostrictive naterial referred to as Terfenol
D (Butler, 1988) was used. The advantages of magnetostrictive
mat eri al s appear to be (1) higher stiffness, (2) larger strains,

(3) higher load capacity, (4) increased performance at cryogenic
tenperatures and (5) lower anplifier volt-anp requirenent. The
di sadvant ages appear to be higher mass and the generation of a
magnetic field. JPL has not characterized the active nenbers nor
used themin a testbed to establish their performance. The (1

dependence on |oad, (2) hyst eresi s, (3) linearity, (4

repeatability, (5) return to zero position, (6) tenperature
dependence, and (7) other factors nust be carefully eval uated.

A table conparing nmmgnetostrictive actuators to the Pzr and
el ectrostrictive materials are in Figure 8.

Future space application will require actuators operating over a
wi de range of tenperatures from cryogenic to 700C and a |arger |oad
carry]ng capacity (1000# or larger) . For static adjustnents, a
non-linear material is desirable to provide for predictable
permanent static deformation w thout the continual application of
"power. Repeatability and reliability of the material Is essentia
and linearity over the operational range of interest is highly
desi rabl e. Good design data or recommended design margins for
various material properties for the design of the materials in
spacecraft systems is required. Al so specifications by which
reliable actuators can be obtained is required.

Imbedded Actuators, Small Stroke
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| nbedded actuators are primarily used to devel op active nenbers for
use in-truss type structures as discussed in the paragraph for in-
line actuators. They have functioned well in ground experiments
and have been incorporated into flight experiments by T ~This
type of actuator can be readily integrated into two-di nmensional
flat structures to provide danping.

Bronow cki et al. (1992) has enbedded both Navy Type | and |l PZT
into thernoset and |ow tenperature (550°F) thernoplastic conposites
for both actuation and sensing. The paranmeter El (the latera
modul us of elasticity) times D31( coefficient) is the best neasure
of the actuator’s capability to transmt strain into the structure.
To establish the strain [Imts of enbedded actuators, a 7.5 mil
thick PZT encapsulated in an insulating nmedium was enbedded into a
%raphite conposite with a nodulus of elasticity conparable to PZT.
ests after straining the PZT to 4000 mcro-strain indicated a |oss
in strain fromz 50 mcro-strain to -50 to O mcro-strain when
vol tage between * 150v was applied. Wth further static tests,
the ultimate design ultimate strain for enbedded actuators for Type
| -and Il was established at 600 and 1500 m cro-strain. The
reducti on of E1xD31 decreases when stressed beyond 2500 m cro-
-strain as shown in Figure 9. Navy type Il PZT enbedded into
t her nopl astic conposite resulted in a réeduction of EixDp31 at about

500 m cro-strain.

The performance of enbedded actuators during dynam c and thernal
cyclic testing were determned by enbedding 10 mil Type | and 7.5
mil Type || PZT actuators into graphite epoxy conposite cantilever
beans. The fatigue | oads spectrumare shown in Figure 10 was
foll owed by 12 tenperature cycles from #i00o°c. The fatigue | oads
reduced the 1st and 2nd resonant frequencies by 1.2% and the
thermal cycles reduced the frequencies by an additional 0.5% The
capacitance of the actuators and sensors degraded by an average of
1% due to fatigue cycl es and additional 1% due to thermal cycles.
After the 1,500 “mcro-strain fatigue test, the actuator’s ability
to transfer load into the conposite structure deteriorated by at
| east -12% and an additional 10-30% due to thermal cycles. The
ultimate design requirement was to keep the PZT strain below 1,500
m cro-strain. The variation of the dielectric constant over the
tenperature range + 100°c correlated well with avail abl e vendor

dat a.

For nost space danping applications, the strain required is small.
The large strain capability is required to survive the high dynamc
strains inmposed during the ground vibration qualification tests and
the launch of the structure into space.

Surface Actuators, Small Strain

Kuo (1992) used surface nounted PZT-5H material to correct for IonP
wave | ength quasi-static deformation errors on conposite hexagona
mrrors (a one neter and a one-half nmeter) panels that are 1.0"
t hi ck. The mrror face sheet is graphite epoxy and the core is
alum num The goal was to correct the mrror to a surface accuracy




of 3 mcrons rns. Changes in the shape of the nmirror surface are
expected fromcreep of the material during its 30 year life or
response to thermal changes and gradients, or other unanticipated
effects. The panel cured at above room tenperature may be
required to operate down at 100° K The panel is expected to
response in its |owest energy node, nanely those similar to the
| ower vibration normal nodes. Anot her desire is to change the
focal length of the mrror. As shown in Figure 11, 6 strips of
0.5"x3.0"x.039" were bonded using 3-5 roils EcoBonD 45. Fi ve
hundred (500) volts applied to the pzr 5H resulted in a
di spl acenent of about 9 mcron for each strip or 27 mcron along a
radi us. For the one-half neter panel, the change in third order
zerni ke coefficient was relatively linear from -so00ov to 400V as
shown in Figure 12. The deformation from the center to the edge at
-500v corresponded to about 8.5 m crons. The efficiency of the
PZT/bond was about 30% when conpared to the theoretica

predictions.

Surface actuators or enbedded actuators can be used to quasi-
statically deform two-dinmensional surfaces. For the experinent,
conti nual voltige was applied to maintain the deformation
correction. A desire exists for non-linear materials wth the
capability to permanently change their length wthout the
application of power. Tenperature range of operation may range
from 100"K to greater than room tenperature. &)good mat eri al has

high E1xp31 value at |ow voltages in the tenperature range of
interest. Repeatable material characteristics in its operationa
environment is required to accurately adjust the panel

Large Displacenent Actuators

Several nmechanical |everage systens have been added in series wth
the in-line actuators to anplify its total stroke. The stiffness
and the | oad capacity decreases proportionally with the mechani cal
gnp}lflpgflon factor. Mdtion anplifications of up to 100 appear to
e feasible.

Another requirenent is for long quasi-static stroke (£0.25")
actuator with a submicron displacenent resolution. Banford et al.
(1993) used the inchworm concept to develop the actuator in Figure
13. The objective of the actuator is to provide the option of
unl oadi ng the PZT when the active nenber Is subjected to |arge
| oads during ground tests and |aunch. Voltage levels up to 1000v

were used to drive the PZT actuator. The di nmensions of the
actuator are identical to the actuators described in the section on
in-line actuator, small displacenent. A typical curve of the

actuator notion rate as a function of voltage is shown in Figure
14.  The final fine resolution adjustnent is by clanping one end
and adjusting the voltage on the actuator to the desired
di spl acenent. The fine resolution capability subjected to various
| oads is shown in Figure 15 and corresponds to about 0.625 mcron
or 16v. In the configuration wth one clanp open, the actuator can
be used as a small stroke dynam c active nenber.



O her conbinations of |long stroke and high resolution actuators
exi sts. One actuator consists of a long stroke (£.25") actuator is
a ‘mechanical screw type actuator and a PZT actuator with a tota
stroke range that overlaps the resolution of the nechanica

act uat or.

The quasi-static |ong stroke actuators are valuable to control the
internal |loads within the structure during depl oynent as described
by Wada and U ku (1992) , to statically adjust the shape of
structures, to preload the joints or to slowy adjust the shape of
the structure when subjected to slowy varying therm 1
def or mati ons.

Deformable Mrrors, Short Wave Length Correction

The devel opnents to place a |arge nunber of small piezoelectric or
electrostrictive actuators behind a flexible mrror to correct for
smal | wave length errors are not covered in this paper but Ealey
(1991) presents an overview. The electrostrictive actuator used
for some of the applications is described in the section on
Articulating Fold rror for the Wde Field Planetary Canera I1.

Composite Actuators, Small Stroke

The potential use of PZT actuators directly in the |load path for
small notion control, stiffness adjustnent or active danping
initiated a programto evaluate the use of PZT rods in a matrix
material described by Darrah et al. (1991) . Smal | washer type
actuators were fabricated with the cross section dinensions
i dentical to the small displacenent in-line actuators. A large
nunber of stacks can be used to replace the actuator in the in-line
actuator. Three different matrices with the PZT rods were
I nvesti gat ed. The objective is to devel op an actuator with high
fracture toughness to avoid brittle cracking at |ow stress |evels.
Tests on these actuatorsare in progress at JPL.

Ceram c Applique, Cold Finger

As part of a space flight experinent (Glaser et al. (1993), Kuo et
al . (1993) used a PZT ceramc applique to control the notion at the
tip of a cold finger of a cryocooler. Figure 16 illustrates the
applique PZT and Figure 17 illustrates the uncut PZT configuration
and the use of a stacked PZT 5H material using the D33 actuation
node. The objective of the cryocooler is to cool an Infrared
Detector. attached to the tip of the cold finger to 90°K while
attenuating its nmotion as the cooler is vibrating and the cold
finger structure is distorting due to 60 psi internal pressure
oscillation at 60 Hz. The task was to devel op an applique actuator
on the cold finger that can counteract the 2-3 mcron peak-to-peak
nmotion anticipated at the cold finger tip.

The design was to place the shortest possible PZT near the base of
the cold finger that is near room tenperature (higher PZT
performance and PZT thermal |oad of 0.1 watt |ess significant),




reduce the thickness of the PZT for performance, and to reduce the
voltage. The goal was to limt the voltage to one-half the poling
voltage. The PZT-5H material was selected ( 0.6" high and 0.032"
thick) with the slit configuration shown in Figure 16 to contro

both the axial and lateral notions. The required voltage |evel is
estimated to be 640 volts.

The selection of the adhesive material and its control was critica

to transfer the PZT strain into the coldfinger, to,  provide
controll ed actuation and to avoid electrical shorting. |f each of
the three actuator elenents strain transfer efficiency differs,

then the coldfinger will displace laterally when jdentical voltage
is supplied to all three actuators. Trapped bubbles decreases the
electrical isolation. The adhesive thickness was controlled to
.001" using .001" dianmeter thread. |Independent adhesive tests were
performed using PZT bonded to an alum num strip. The displacenent

transferred into the alum num by the PZT is shown in Figure 18. No
degradation of displacement was noted when cycled 10,000 tinmes from
+ 400 volts. Adhesive HY-SOL 9396 was sel ected because of its
performance and is space qualified. The adhesive was 80%
efficiency in transferring strain.

“The coldfinger was pressurized to 1000 psi before the applique was
applied to pre-conpress the PZT to avoid tensile stresses during
its operation of + 60 psi around a mean pressure of 500 psi. Since

t he adhesive may creep and relieve the conpression in the PZT,
cyclic tests w thout conpression were perforned. The system was
cycled to 500 mllion cycles using 600v at 200 Hz without
degr adat i on. The system was tested in a vacuum chanber down to
190°K and the performance degradation was conparable to the
publ i shed curves.

The PZT stack design with actuators in the D33 direction to obtain
| arger notion with | ower voltages were not considered when the
first set of actuators cracked during shipping or subsequent
handl i ng.

For t“his <class of application, the desire is for higher
di spl acenent/vol tage actuators, long fatigue life, lower voltage

systens, capability to withstand tensile stresses, tensile stress
allowable and reliability. [Information on the adhesives and their
reliable strain transfer efficiency for the anticipated

envi ronmental and service conditions is required.

Articulating Fold Mrror (arM), Wde Field Planetary Canmera 1z
(WFPC-11I)

Fanson and Ealey (1993) devel oped an articulating fold mrror (AFM)
for the WFPC-II to remain in its ground aligned “honme” position
within * 10 arc sec through launch and transition to on-orbit
environmental conditions, and to return to the “hone” position
automatically should there be a failure in the actuation
el ectronics of the AFM subsystem  Figure 19 shows the AFM  The
al i gnment preci sion required for the wrFpPc-II to correct for the




Hubble Tel escope wavefront error was an order of magnitude nore
stringent than the original tolerances for the wrpc. In additional
circunstantial evidence suggested that the on-orbit alignnment of
WFPC was drifting over tinme. The functional requirenents were:

Table 1 Functional Requirenents

206 arcsec(+1 mnrad)
+1.8 arcsec

+13.6 arc sec

+10 arc sec

+ 1% (¥2 arc sec)

arc sec

Tip/Tilt Range

Short Term (2000 second) Stability
Long Term Stability

Gound-to-Orbit Stability
Repeatability

Tilt Step Size

QRIANINIALY

The packagi ng constraints to place the actuation device wthin the
exi sting space elimnated a conventional notor and gear-train
appr oach. Three alternative solid state prinme novers were
eval uated. Magnetostrictors and piezoelectrics woul d have required
the addition of feedback sensors in the AFM to neet the
-repeatability and stability requirenents due to their hysteresis
and tendency to drift. El ectrostrictive ceramc conposed of |ead
magnesi um ni obate (pPMN) of fered the required precision.

The key requirenents on the actuators were (1) the materia

returned to its zero position at zero voltage, and (2) the voltage-
mcro strain characteristics are repeatable over the tenperature
range of interest. During the 2000 sec observation, the
tenperature of the actuator was maintained within .07° C. Using a
t hernocoupl e on the systemto establish tenperature, the voltage
required to rotate the mrror to a specified |evel is established.

The characteristics of the electrostrictive materials are shown in
Figures 20 and 21. Figure 20 represents three conplete cycles at
1 Hz. The response of the actuator is a function of tine as noted
in Figure 21. The dependency on time is evident in Figure 20, the
curve -for -6°c that was generated at 1 Hz. The material didn't
return to its original point and the second and third cycle differs
fromthe first cycle. The actuator segnments are approximtely
0. 340 inches in length and consist of approximately 39 active
| ayers, each .007 inches thick. | tek suggested a safe limt for
strain of about 450 microstrain. Three hundred (300) mcrostrain
was used for the AFM that corresponds to an applied voltage of
about 90 volts at room tenperature with a linear stroke of 2
m crons. The actuator was subjected to tensile stresses. The
tensile allowable for design was 500 psi. Fromthe test results

"shown in Figure 22, the 3 signa value allowable is 1188 psi
conpared to the Itek design allowable of 1000psi.

QO her requirenents and data of the AFM program are (1) the bakeout
tenperature is 125°c, (2) the desired operational tenperature is
about o°c, (3) actuator cycled 4 tinmes between -15°c and +40°C With
one hour soak at +40°c and one-half hour at -1s°c, (4) at 10"C the
AFM is repeatable within *1%, (5) the AFM zero strain state was




stable within 2 arc see, (6) AFM reached stable tilt within 10
seconds, (7) 1000 cycles at 10° CfromOto 90 volts, (8) passed the
vibration tests, and (9) no observable drift of the mrror position

after 100 krad proton radiation test. The adhesive materi al
selected for the actuator bonds is EpoTek 353ND epoxy.
SUMVARY

The paper lists different types of precision space actuators for
various ground and, flight applications. Actuators are being
integrated into flight systems without reliable materi al design
data base. Wiere possi ble, conservative design margins on the
material properties are used. The users and devel opers of

actuators nust develop a nutually acceptable specification that
hel p produces reliable actuators that neets the performance

requirements.

The requirements for each space application differ. Requirenments
on the actuator material may include: (1) tenperature of operation
in the range from 1°K to 310K, (2) capability to carry tensile
stresses, 3) capability to carry high conpressive stresses, 34)
ability to transfer strains to structural materials, (5) |ow
voltage and power, (6) high strain, (7) high fatigue life, (8)

linearity, (9) repeatability, (10) |ow outgassing system (11)

inpervious to high space radiation environnent, (12)  shock
resistant, (13) high bandwi dth, (14) stable, (15) reliable, and
(16) others.
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Property pzT' PMN

Stiffness (short circuit)

146 Njpm | 9.75 Njum
(83.6 Ib/mil) | (55.7 Ib/mil’

Mass 240 g 190 g
(05316) | (042 Ib)
Maximum Operating Voltage 1000 V 300V
Nomdl Bi as Vol t age 500V 150 v
1.0m | 0.18 mm

Single AT € Thickness
(394 mils) | (7.0 mils)

63.44m | 395 pm

Displacement (1 H)
(2.50 =il | (1.56 roils)

505N 455N

Force (1 Hz)
(114 1b) (102 Ib)

Hyseresis (1 Ho) 0% | L2%

Capacitance ( 25 Ha) 0.6 7.6

2
Current, rms (25 Hz) 33mA 127 mA

na 12% /°C

Temperamure Sensitivity

1 Average of 2 members
* For maximum displacement

Figure 4 Active Member Specifications
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Figure 7 Gain vs Nunber of Cyclic Loads (Aging)




Property PZT PMN  TERF-D TERF-D MAG. X

RT RT RT Cryo Cryo

Di spl acenment (m cron) 64" 40 50 42 205

For ce (Newtons,N) 505 455 1000 540 750
Hysteresis (percent) 16 1.2 16 31 5.3

Stiffness (N mcron) 14.6 9.8 28 18 14

Mass (grans) 240 190 . 457 500 495
" Max. Qper. Volts 1000 300 5.5 2.1 1.6

Normal Bias Volts 500 150 0 0 0
-Current (anps peak) . 046 . 180 2 2 1.5
Peak V-A (volt-anp) 46 54 11 4.2 2.4

Figure 8. Conparison of In-Line Actuators
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Figure 9 Conputed Eidx as a Function of

© Applied Strain Al Various Peak Vol t age
Level s for Navy Type I in Thermoset

Type - toad |Strain| % of #of
Schedule _Ib U-€ limit | cvcles
| 1-3 1.500 | 360 | 60% | 100 |
1-b 2,500 | 600 | 100% [ 10
2000 | 480 | 80% | 50

1500 | 360  60% | 800

| 11-3 4200 | 900 | 60% | 100
H-b 7000 1,500 | 100% [ 10
5600 | 1-200 | 80% 50

. 4200 900 | 60% [ 800

Figure 10 Cyclic Loads




Figure 11 One-half Meter Conposite Panel with PZT
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Figure 16 Ceram C Geometry
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¢ . . LIGHTWEIGHTED BEZEL TILT
MIRROR RETAINERS BEZEL MECHANISM
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Fig.l9. Exploded view of Articulating Fold Mirror.
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Fig.20 Electrostrictive actuator strain vs.
voltage at various temperatures.
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Fig. 21 Actuator response to step voltage change
showing stable zero strain state.
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Fig. 4 Electrostrictive actuator pull test results.



